a Anglesite (PbSO 4 ), a widely available form of Pb whose bioavailability has been the focus of a few studies, was selected in the present study and reacted with synthetic hydroxyapatites (Ca 5 (PO 4 ) 3 OH, HAPs) of different sizes (approximately 20.08 nm, 60.24 nm, and micron-sized) at various P : Pb molar ratios and under various constant pH conditions. Particle size was discovered to strongly affect the immobilisation of Pb and the transformation from anglesite to chloropyromorphite (Pb 5 (PO 4 ) 3 Cl) by the HAPs, in addition to the dissolution properties of HAP. The complete transformation from anglesite to chloropyromorphite was achieved at a pH of 4-5 for 20.08 nm-sized HAPs, whereas incomplete transformations of the 60.24 nm and micro-HAPs were obtained at these pH. At pHs of $6 (HAPs of size 20.08 nm) and $5 (60.24 nm), the smaller-particle HAPs were incompletely dissolved, and their surfaces were coated by newly formed chloropyromorphite, which was in contrast to the micro-HAPs, which were at pH $ 3. These results demonstrated that the surface coating rate decreased when the HAP particle size was decreased; thus, smaller-particle HAPs completely immobilised anglesite by forming chloropyromorphite at higher pH, particularly when the P : Pb molar ratio was high. This study demonstrated that nano-HAPs have potential for use in the situ immobilisation of Pb in low-acidity soil and waste without requiring the P solubility enhancement through the use of acidic conditions or an increase in the number of HAPs.
Introduction
Lead (Pb) contamination is a major and worldwide public health issue because Pb is toxic to humans and animals.
1,2 In most cases, Pb is present in Pb-contaminated media in the form of highly soluble minerals such as cerussite (PbCO 3 ), hydrocerussite (Pb 3 (CO 3 ) 2 (OH) 2 ), anglesite (PbSO 4 ), and litharge (PbO).
3, 4 Mao et al. 5 estimated the potential toxicity of lead emissions in tailings from 52 countries and eight regions, discovering that the main lead-bearing constituents of tailings are ne particles of the lead minerals galena, cerussite, and anglesite. Liang and Mao 6 estimated lead emissions and temporal accumulation according to the evolution of the lead cycle over 70 years. The main species identied were anglesite, litharge, and galena, which together accounted for 61.2% of the total emissions. To remove them, these Pb species must be dissolved and released as Pb(II) depending on their source and the prevailing environmental conditions.
3 Such factors may crucially affect Pb exposure and bioavailability. For example, anglesite is commonly present in mine waste and soil, and its Pb bioavailability is determined by kinetic constraints. 3, 7, 8 Furthermore, highly bioavailable Pb species are a primary source of young children's Pb exposure.
2 Thus, they are a form of Pb that has substantial control over Pb mobility and reactivity in soil; and if they can be immobilised, their bioavailability can be reduced.
Various types of remediation technology have been developed to remediate Pb-contaminated soil, such as excavation, solidication, and chelation/extraction. 3, 9, 10 However, these methods are oen ineffective at removing Pb or reducing its bioavailability. Furthermore, they are dangerous and costly. Using apatite materials (AMs) to immobilised Pb(II) has been considered as an alternative and promising method of pollution control because of its cost-effectiveness and less disruptive nature. [11] [12] [13] The main mechanism of Pb immobilisation using AMs is apatite dissolution and the subsequent precipitation of sparingly soluble pyromorphite-type minerals (PY, Pb 5 (PO 4 ) 3 X, where X ¼ F, Cl, Br, or OH). 3, 8, 11 In this dissolution-precipitation mechanism, the pH affecting apatite dissolution, PY precipitation, and particularly the soluble P concentration affect the Pb(II) immobilisation using AMs. Zhang and Ryan used various lead minerals to study the formation of pyromorphite in aqueous systems in the presence of synthetic apatite under varying pH conditions and proposed that at a low pH (<4), the cerussite dissolution rate and cerussite-to-pyromorphite conversion rate are high.
14 A high pH (>5) is favourable for the dissolution of galena (PbS) and the transformation of galena into pyromorphite. 15 Cao et al. 16 reported induced acidic soil conditions that can promote the transformation of Pb(II) into insoluble phosphates. The study also demonstrated the importance of soil pH in determining the effectiveness of Pb immobilisation and revealed that acidic conditions (pH # 5) are favourable for transforming Pb(II) into insoluble PYs. This is because acidic conditions facilitate the dissolution of Pb(II) compounds and the release of Pb(II) from Pb minerals. Acidic conditions also promote the liberation of P from AMs and enhance the formation of PYs. However, the eutrophication of surface water and the possibility of soil acidication remain a concern.
3,11,16 Therefore, researchers have mainly focused on Pb(II) immobilisation that utilizes the various physical and chemical properties of AMs, such as particle size, and remarkable Pb(II) immobilisation results have been obtained.
Several studies have suggested that a decrease in AMs particle sizes could substantially enhance Pb(II) immobilisation. Chen et al. 17 used a pot experiment to study how the particle size of rock phosphate affected its immobilisation of Pb(II) in Pbcontaminated soil. The results indicated that rock phosphate with a small grain size was superior to that with a large grain size for in situ immobilisation of Pb. This nding was consistent with the literature, in which previous studies have reported that rock phosphate can signicantly reduce the phytoavailability of Pb, Zn, Cu, and Cd in soil through immobilisation, and that these effects are strengthened as the particle size of the rock phosphate decreases.
18 Da Silva et al. 19 investigated the efficiency and mechanisms of lead adsorption by calcium phosphate of two particle sizes from an aqueous solution. Decreasing the biosorbent particle size was discovered to increase the adsorption rate at low initial metal ion concentrations. Similar ndings were reported by Simonescu et al., 20 who demonstrated that the highest Pb(II) adsorption was achieved for nanometre-sized rather than micrometre-sized hydroxyapatite (HAP).
The adsorption capacity of AMs is also greatly affected by the AMs particle size for other ions. Da Rocha et al. 21 reported that Cd(II) adsorption is controlled by HAP crystallite dimensions and that a decrease in adsorption capacity is induced by an increase in crystal size. The adsorption of copper ions from a Cu solution onto HAP particles with sizes 1323.2 and 82.3 nm at three initial pHs of 4.50, 6.00, and 7.50 was studied by Bazargan-Lari et al.
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The results determined natural HAP's maximum adsorption capacity to be 1.631 mmol g À1 at a pH of 7.5 and with a small particle size. Gao et al. 23 identied the size-dependent deuor-idation properties of HAPs. HAPs with a small particle size and high adsorption efficiency performed favourably. In our previous study, AMs were used for the adsorption of oxalic acid and uoride. [24] [25] [26] However, despite numerous investigations into the effect of AMs particle size, the effect of the particle size of AMs on the formation of pyromorphite at different pH in aqueous solutions using nano-HAPs remains unclear.
Anglesite, a widely available form of Pb -and the bioavailability of which has been the focus of a few studies, was selected in the present study -and reacted with different nano-HAP particle sizes at pH 2-7. The objectives of this study were to investigate the effect of particle size on the immobilisation of Pb(II) using nano-HAPs and the mechanism through which it occurs. The ndings of this study may be crucial to understanding the effects of particle size on immobilising Pb(II) from anglesite using nano-HAPs.
Experimental

Sample preparation
All chemicals were analytical grade and purchased from Nanjing Chemical Reagent Co., Ltd. (China). The deionized water used in all experiments was obtained from Milli-Q water purication systems.
The nano-HAPs used were synthesized using a precipitation method and a sol-gel method. The precipitation was performed according to the method proposed in ref. 27 . Briey, (NH 4 ) 2 HPO 4 was add to a Ca(NO 3 ) 2 $4H 2 O solution at a stoichiometric ratio of Ca : P ratio of 1.67, while the pH was maintained at approximately 11 using an occasional addition of ammonia. The resulting suspension was washed with distilled water and then dried at 110 C for 24 h. This synthesized sample was denoted Sample A. The nano-HAP was synthesized using a sol-gel method with Ca(NO 3 ) 2 $4H 2 O and NH 4 H 2 PO 4 as the starting materials, ammonia solution to adjust the pH, and EDTA as a complex reagent. 28 Aliquots of these complex precursors were decomposed at 800 C for 4 h. This sample was named Sample B. To provide comparison, micro-HAP was obtained using direct solid-state reactions in the CaCO 3 and CaHPO 4 $2H 2 O mixture maintained at 1100 C for 4 h in air.
This sample was named Sample C. The synthetic HAPs were characterised using X-ray diffraction (XRD, Rigaku D/max-2000) and transmission electron microscopy (TEM, Hitachi H-7650) (ESI †). Both TEM and XRD (Scherrer formula) results indicated that the mean particle size in Sample A, B and C was 20.08 nm, 60.24 nm and micrometre, respectively.
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Dissolution of HAPs and anglesite
In each run, 1.0 g of HAP/anglesite was placed in a glass reactor together with 1 L of solution, under a static pH condition (pH 2-7). A 1 L solution containing 0.1 mol L À1 NaNO 3 and 0.001 mol L À1 NaCl was adjusted to the desired pH prior to the addition of HAP or anglesite. The suspension maintained at a constant pH was adjusted by adding 0.1 mol L À1 HNO 3 and/or NaOH using an automatic titrator. The contents were shaken thoroughly with a stirring paddle at 37 C for 2 h, which was considered to be the time required for the solution to equilibrate. The suspension was sampled periodically using a 5 mL injector during 2 h reaction period.
Reactions between HAPs and anglesite
The reactions between the anglesite (0.454 g) and HAPs occurred at a range of pHs from 2 to 7 and with three P : Pb molar ratios (3 : 5, 6 : 5, and 9 : 5), which provide 1, 2, and 3 times the stoichiometric P/Pb ratio of chloropyromorphite. Aer adding the anglesite-HAP mixture to 1.0 L solution containing 0.1 mol L À1 NaNO 3 and 0.001 mol L À1 NaCl, the contents were continuously stirred for 2 h at a constant pH. The suspension was periodically sampled during the 2 h reaction period, which was determined by preliminary dissolution experiments.
Analytical procedures
The suspension samples were ltered with a 0.22 mm membrane and analysed for soluble Ca, PO 4 , Pb, and SO 4 concentrations using an ICP-AES (Perkin-Elmer Optimal 2100 DV). Solution pH was measured using a pH meter (Thermo 868).
Aer these experiments were nished, the residues were collected and then examined using X-ray diffraction (XRD) with a step-scanning rate of 0.02 2q s À1 using Cu Ka (l ¼ 1.5405Å) radiation. The morphology and size of the HAPs were characterised using Hitachi Model H-7650 transmission electron microscope (TEM); and scanning electron microscoy (SEM, Hitachi S-3000N), which was equipped with an energy dispersive X-ray (EDX) detector.
Results and discussion
Dissolution of HAPs and anglesite
A comparison of the dissolution rates among the HAPs is presented in Fig. 1 . Our results indicated that a constant concentration was reached aer approximately 1 h (Fig. 1c) . The dissolution was inversely related to the pH, and below a pH of 4, the dissolution occurred too rapidly in the rst 5 min to be accurately determined under the experimental conditions. At a low pH (2, 3, and 4), the concentrations of Ca and PO 4 aer 1 h indicated that the added Sample A had nearly dissolved completely, but only 45.16%, 12.52%, and 3.07% of these HAPs had dissolved aer 2 h when pHs of 5, 6, and 7 were used, respectively ( Fig. 1a and b) . The dissolution of Sample B exhibited the same trends as that of Sample A. Sample B was dissolved completely at pHs of 2 and 3, but, it was only 57.61%, 21.67%, 9.66%, and 1.72% dissolved at pHs of 4, 5, 6, and 7, respectively ( Fig. 1a and b) . Sample C did not completely dissolve at any pH from 2-to-7, but rather 80.50%, 57.62%, 22.24%, 5.67%, 1.76%, and 0.82% was dissolved at pHs of 2-7, respectively ( Fig. 1a and b) . Notably, the micro-HAPs were signicantly less soluble than the nano-HAPs, with Sample A exhibiting the maximal solubility. The notable difference among the three samples was the large particle sizes of Sample B and C. Overall, the solubility of the HAPs increased as the HAP particle size was decreased. The small sized HAPs were generally considered to have stronger structures than the large-sized HAPs, which lead to the higher solubility of Sample A than Sample B and C. Similar results were obtained by Wei et al.
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and Kede et al., 31 who reported that poorly crystallized and small-sized HAPs release more Ca and P than well-crystallized and large-sized HAPs. This result was consistent with a study by Xie et al., 32 which demonstrated that the dissolution of pyromorphite was affected by its particle size.
In the present study, the dissolution of anglesite was expressed as a function of the soluble Pb and SO 4 concentrations versus time for each pH. The results revealed that dissolution was pH-independent within the pH range 2-7. The concentration of soluble Pb and SO 4 in the anglesite suspension was approximately 0.5 mmol L À1 aer 60 min of reaction. The anglesite dissolution ndings were consistent with those of a study by Zhang.
Effect of HAP particle size
When phosphate and Pb were mixed at stoichiometric concentrations, the newly formed chloropyromorphite rapidly precipitated in the presence of Cl ions. Therefore, the overall reaction that occurs in the anglesite-HAP system was kinetically controlled by the dissolution of HAPs and/or anglesite. Previous studies have indicated that no other processes, such as adsorption or ion exchange, remove soluble Ca and SO 4 in anglesite-HAP suspensions. 8 Thus, in the present study, the dissolution of the HAPs and anglesite was determined through the total concentrations of soluble Ca and SO 4 in the solution, respectively. Differences between the dissolved and measured PO 4 and Pb were attributed to the formation of chloropyromorphite. 
No formation of chloropyromorphite
At pH 2, the concentrations of soluble Ca and PO 4 varied depending on the HAP particle size. Smaller-particle HAPs exhibited higher solubility (Fig. 2a) . However, the solubility of chloropyromorphite was higher at relatively low pH, and only limited chloropyromorphite formed under these conditions. Therefore, no new phase was formed in the solid collected aer the reaction of HAPs and anglesite with a P : Pb molar ratio of 3 : 5, regardless of HAP particle size. These results indicated that only anglesite-Pb was present, which was consistent with the results of XRD (Fig. 4) and SEM (Fig. 5a) analysis of the solids. The concentrations of Ca and PO 4 3À , were approximately 1.40 and 0.9 mmol L À1 , respectively, at pH 2 aer 10 min reaction for all solutions, which indicated the complete dissolution of Sample A and B (Fig. 2a) . Sample C, however, was not completely dissolved aer even 120 min (Fig. 2a) . The soluble Pb and SO 4 2À concentrations increased with time at nearly equivalent rates, implying that no dissolved Pb was immobilised by HAPs (Fig. 3a) . According to the solubility product constant of chloropyromorphite (K sp ¼ 10
), a small amount of chloropyromorphite should have formed. But none was detected using XRD and SEM. No structural changes in Sample A were detected using XRD analysis of the solid residue, which was obtained aer the reaction of Sample A with anglesite at pH 2 (Fig. 4) . Lead, phosphorous, chlorine, and calcium were the only elements detected by SEM/EDX elemental microanalysis. SEM/EDX analysis of the solids did also not detect chloropyromorphite aer 120 min of reaction, with the predominant mineral was the added anglesite ( Fig. 4 and 5a ). This may have been due to the strong acidity conditions (pH 2). Although chloropyromorphite was formed, it gradually dissolved. The formed chloropyromorphite may also have been too small in amount to be detected. 
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Formation of chloropyromorphite
The rate of transforming anglesite into chloropyromorphite decreased as the HAP particle size was increased, and a complete transformation was observed at pHs 4-5 in Sample A. The transformation was incomplete in Sample B and C, however, and for these samples the highest transformation rate was obtained at pH levels of 4 and 3, respectively. The transformation rates of the sample for pHs 2-5 were ordered as follows: Sample A (20.08 nm) > Sample B (60.24 nm) > Sample C (micrometres), indicating that anglesite was transformed into chloropyromorphite at the highest rate at low pH and with small HAP particle size. The variation in transformation efficiency was due to the individual dissolution of the HAP samples, and the availability of the soluble P was critical to forming chloropyromorphite (Fig. 1) . The micro-HAPs were less soluble than the nano-HAPs; consequently, the micro-HAPs were less reactive in their supply of P for immobilising Pb(II) than the nano-HAPs were in forming chloropyromorphite. The primary mechanism of Pb(II) immobilisation by HAPs was the dissolution of HAPs, which liberated phosphate for the subsequent precipitation of Pb(II) into chloropyromorphite. The precipitation into chloropyromorphite was dependent on the HAP dissolution, a process that released large amounts of P supported the formation of a solid solution, and preceded chloropyromorphite precipitation. This result conrmed those of previous study, in which the effectiveness of rock phosphate at remediating Pbcontaminated soil was affected by the rock phosphate's grain size. 17 The present results were also consistent with the ndings of Gao et al., which demonstrated that HAPs with a smaller particle size exhibited higher adsorption efficiency.
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Our results indicated that chloropyromorphite formed at pHs higher than 2 for all the HAP samples. However, the chloropyromorphite content in the collected solids differed, with that in Sample A more substantial than that in Sample C. The concentrations of PO 4 were 0.42, 0.12, and 10 À4 mmol L
À1
at pHs of 3, 4, and 5 for Sample A, respectively (Fig. 2) . Furthermore, the differences in Ca and PO 4 concentration were equivalent to the amount required to precipitate 0.8 (pH 3), 1.3 (pH 4), and 1.5 (pH 5) mmol L À1 dissolved Pb to then form chloropyromorphite. The estimated Pb concentrations were in consistent with the measured concentrations of 0.063, 0.01, and 0.001 mmol L À1 at pHs of 3, 4, and 5, respectively (Fig. 3) .
Therefore, the proportion of chloropyromorphite in the collected solids increased from 85.5% to 99% when the pH increased from 3 to 5. The conversion rates of Sample B were lower than those of Sample A, which were 85.12% and 96.54% at pHs of 3 and 4, respectively ( Fig. 2 and 3) ; for Sample C, the transformation rate was 62.71% at a pH 3 ( Fig. 2 and 3 ). The excellent Pb(II) immobilisation performance of Sample A was mainly dependent on its special properties. Compared with Sample B and C, Sample A had a smaller particle size, more favourably dispersed morphology, which gave Sample A much higher immobilisation capacity than Sample B and C. SEM (Fig. 5) and XRD (Fig. 4) both determined that only chloropyromorphite was formed from the reaction of anglesite with the HAPs. The absence of other solid phases was consistent with the results of the study by Ma et al., 33 which reported that Pb immobilisation occurred because of HAP dissolution and PY precipitation. In the present study, the formation of chloropyromorphite was conrmed though analyse of the XRD patterns of the collected solids aer anglesite reacted with HAPs at pHs of 3-5 (Fig. 4) . The chloropyromorphite phase was easily identied in the spectrum of Sample A by comparing it with that in the JCPDS database (pyromorphite, JCPDS no. 19-0701). The presence of chloropyromorphite (three strongest peaks at 2.89, 2.96, and 2.99Å) was detected at pHs 3-7. The three strongest peaks (d: 2.07, 3.01, and 3.33Å) corresponding to anglesite were only clearly observed at a pH of 2. The three strongest peak of hydroxyapatite at 2.72, 2.78, 2.81Å. As the pH was increased, the XRD peaks for chloropyromorphite became sharper and narrow, indicating that these formed precipitates had a higher degree of crystallinity. XRD demonstrated that the smallerparticle-sized Sample A was almost completely converted into chloropyromorphite at pH 5, suggesting that the immobilisation efficiency of Pb(II) by Sample A was much higher than that of Sample B or C. At pH 3, micrometres needle-shaped particles were observed in addition to the dominant anglesite particles (Fig. 5b) . TEM micrographs (Fig. 6a) showed that the original HAP was irregular and needle like particles for Sample A. The average particle size of Sample A was approximately 20 nm. SEM micrographs (Fig. 6b) showed that the original anglesite was spherical particles. The EDX spectrum (Fig. 7a) , indicated that the new needle-shaped particles were mostly composed of chloropyromorphite. More needle-shaped particles were produced at pH 4, and only minerals were identied in the reacted solid aer 120 min of reaction at pH 5 ( Fig. 5c and d) . These results indicated that as the pH was increased, the amount of chloropyromorphite produced also increased because Sample A dissolved rapidly at high pH (<6). Some previous studies have also demonstrated that chloropyromorphite formation is favoured when PO 4 3À is present at pH 3-5. 8, 16 Chloropyromorphite was discovered to be the most stable form of Pb(II). 3 The formation of chloropyromorphite substantially decreases Pb bioavailability and improves ecosystem health. 16 
Coated HAPs
The dissolution of HAPs decreased as the pH was increased, and only an incomplete transformation from anglesite into chloropyromorphite occurred at higher pH; because of insufficient soluble PO 4 concentration. The surfaces of the undissolved HAPs were coated by newly formed crystals ( Fig. 5e and f) . These crystals are attributed to chloropyromorphite, as conrmed by XRD analyses (Fig. 4). Fig. 5 presents the SEM image of sample A aer 120 min for immobilisation of Pb(II). The SEM image shows crystals with needle-like morphologies attributed to the new chloropyromorphite phase, which has the same hexagonal symmetry as hydroxyapatite P6 3 /m (Fig. 5) . According to Prado da Silva et al., 34 the continuous process of monetite dissolution and HAP reprecipitation maintains the original morphology of the monetite crystals. This topotaxial process was probably favored because of the gradual nanometric HAP crystal formation on the micrometric monetite crystals. 34 The EDX spectrum revealed that the composites comprised Ca elements, in addition to P, Cl and Pb (Fig. 6b) . The high Ca (weight% 6.95, atomic% 28.56) and Pb (weight% 93.62, atomic% 74.47) content conrmed that the HAP particles were partly coated by chloropyromorphite. Furthermore, the HAP surfaces served as site for chloropyromorphite nucleation, 8, 35 which was concluded to be rapid and usually homogeneous. [36] [37] [38] The surface coating might have further decreased the HAP dissolution rate and thus the rate of transformation of anglesite into chloropyromorphite by the HAPs. As the HAP particle size was decreased, precipitation of chloropyromorphite on the surfaces of the undissolved HAPs was achieved at higher pH. A surface coating was observed at pH > 5, pH > 4, and pH > 2 for Samples A, B, and C, respectively. The XRD peaks corresponding to chloropyromorphite became weaker and broader as the pH of the solution was increased from 5-to-7 for Sample A, suggesting that the quantity and crystallinity of the chloropyromorphite decreased as the pH was increased (Fig. 4) .
Effect of P : Pb ratio
Similar results were obtained for reactions involving P : Pb ratios 6 : 5 and 9 : 5, as were obtained for P : Pb ratio of 3 : 5, regardless of the HAP particle size (Fig. 8) . When the pH was increased from 2 to 7, the rate of transformation from anglesite into chloropyromorphite rst increased and then decreased, which may have been due to the pH-dependent rate of HAP dissolution. Compared with its the complete transformation at pH 4-5 that was achieved with a P : Pb ratio of 3 : 5, Sample A was completely transformed at higher pHs 4-6 and 4-7 when the P : Pb ratio was 6 : 5 and 9 : 5, respectively. Sample B was also completely transformed at pH 4-5; however, Sample C did not completely transform at any P : Pb ratios. In addition, the surfaces of the undissolved HAPs were coated by chloropyromorphite at a pH of $7, $6, and >2 for Samples A, B, and C, respectively, with P : Pb ratios of either 6 : 5 or 9 : 5. This suggested that the surface was coated at higher pH when the P : Pb ratio was increased and that anglesite was completely immobilised under neutral/or alkaline pH conditions. As the P : Pb ratio was increased, the concentration of soluble Pb decreased remarkably, and the rate of transformation from anglesite into chloropyromorphite increased, implying that the soluble PO 4 concentration was a limiting factor. The solubility of the HAPs was controlled by their particle size and determined the soluble PO 4 concentration. Thus, HAP particle size was the primary rate-limiting factor.
